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ABSTRACT
An investigation is undertaken into the nature of the bubble growth rate and heat transfer
suppression in the flow boiling ofbinary mixtures. From an examination of the well
established pool boiling theory available in the literature and a consideration of factors
uniquely present in flow boiling situations, it is determined that the present pool boiling
theories are roughly applicable for a finite initial interval of the bubble growth cycle during
flow boiling. Furthermore, it is hypothesized that the suppression of the increase in heat
transfer coefficient in binary fluids which occurs after the onset ofnucleate boiling is
related to the suppression in bubble growth rates. Experimental data ofbubble growth
rate and heat transfer coefficient for flow boiling of a binary mixture of ethylene glycol and
water at various conditions is acquired, and tested relative to these conclusions. The
results are in agreement within the experimental range ofuncertainty.
TABLE OF CONTENTS
1. INTRODUCTION 1
2. LITERATURE REVIEW 3
2.1 FreeBubbleGrowthModels 3
2.1.1 Inertially ControlledGrowth; RayleighModel 4
2.1.2 ThermalDiffusion ControlledGrowth 6
2.1.3MikicModel: Combined Inertial andDiffusion Effects 9
2.1.4Effect ofBinaryMixtures on Bubble Growth Rates 10
2.2 Growth ofAttachedBubbles 14
2.2.1 Effect ofFactors Present inAttachedBubble Growth 14
2.2.2AttachedBubble GrowthModels 17
2.3 Summary ofLiterature 22
3. OBJECTIVES OF PRESENTWORK 24
4. EXPERIMENTAL SETUP AND PROCEDURE 25
4.1 Experimental Setup 25
4.1.1 Test Section and Immediate Hardware 25
4.1.2DataAcquisition Equipment 32
4.2 Experimental Procedure 33
4.2.1 Summary ofExperimentalObjective andProcedure 33
4.2.2 Degasification ofWorkingFluid 36
4.2.3 Establishment ofSetpoint 36
4.2.4DataAcquisition 37
4.3 ExperimentalDataReduction 37
4.3.1 Heater Surface Temperature andHeat Flux 37
4.3.2 Bubble Sizes andGrowth Rates 39
4.3.3 FlowMeterData 40
4.4 FluidProperties 42
VI
4.4.1 Pure Water: StandardProperties 42
4.4.2 Glycol Solution Properties 43
5. DISCUSSION AND RESULTS 47
5 . 1 Bubble GrowthDuringFlowBoiling- Effects ofBulkVelocity 47
5.7.7 VelocityDistribution About a GrowingBubble 48
5.1.2 Effect ofVelocity onDiffusionMechanism 49
5.1.3 Effect ofTemperature GradientNormal toHeatedWall 50
5.1.4 Effect ofStagnation Point 51
5.1.5 BulkFlow InducedBubble Deformation 51
5.2NetEffect ofBulkFlow onBubbleGrowth 51
5.2.1 Consideration ofRelative Velocity 51
5.2.2 InitialPortion ofBubble GrowthHistory: PoolBoilingModel 52
5. 2. 3 Intermediate Portion ofBubble GrowthHistory: Transition 52
5.2.4AdvancedPortion ofBubble GrowthHistory 53
5.3 Experimental Data: BubbleGrowth 54
5. 3. 1 Effect oflnertial ControllingMechanism in ExperimentalData. 54
5.3.2 Typical ObservedData 55
5.3.3 Application ofPoolBoilingModel in Initial Interval ofBubble Growth 59
5.4 ExperimentalData: HeatTransfer Coefficient 62
5.4.1 Pure FluidHTC Trends. 62
5.4.2 ExperimentalHTCDataforBinaryMixtures 66
5.4.3 FlowBoiling Suppression ofHTC inBinaryMixtures 67
5.4.4 Comparison with ExperimentalData 69
6. CONCLUSIONS 71
PREFERENCES 73
8. APPENDTX: DETAILS OF EXPERIMENTAL DATA 76
vu
NOMENCLATURE
A Intermediate Constant inMikic Solution, Proportionality Constant
a Thermal Diffusivity ofBulk Liquid
B Intermediate Constant inMikic Solution
b Correction Constant
C Chord Length
c Mass Specific Heat ofBulk Liquid
D Mass Diffusivity ofBulk Liquid, Diameter
D12 Diffusivity of Species 1 Dissolved in Species 2.
o
D12 Diffusivity: species 1 in infinitely dilute concentration of species 2
F Contact Coefficient
Fsg Volume Rate Correction Factor
G Vaporized Mass Diffusion Constant
hfg Latent Heat ofEvaporation
Ja Jacob Number
Ja0 Modified Jacob Number
L Length ofRadial Segment
/ Latent Heat ofEvaporation
M MolarMass
Ap Bubble Differential Pressure
R, r Bubble Radius
rc Nucleation Site Cavity Radius
R+ Nondimensional Radius
R Initial Bubble Radius
S Bubble Growth Rate Suppression Factor
Sf Specific Gravity ofFlowmeter Float
Si Specific Gravity ofLiquid
T Interface Temperature, Temperature
VUl
Tb Bulk Fluid Temperature
Tw Wall Temperature
Tpa/r] Saturation Temperature at Initial Bubble Radius
AT Bulk Liquid Superheat, Saturation Temperature Elevation
t Time
ti Duration ofGrowth Stage
(2 Duration ofWaiting Stage
tw CyclicWaiting Time
t*
Nondimensional Time
V Molar Volume
x Mass Concentration ofMore Volatile Component in Interface Liquid,
Normal Distance from HeatingWall, Molar Concentration
x Mass Concentration ofMore Volatile Component in Bulk Liquid
y Mass Concentration ofMore Volatile Component in Bubble Vapor
a Surface Tension
v Kinematic Viscosity
0R(t) Superheat ofBubble Radius with respect to Bulk Saturation Temp
Oo Bulk Superheat
pi Liquid Density
pv Vapor Density
1. INTRODUCTION
Binary fluid mixtures are simply mixtures of two pure fluids. With the exception
of any azeotropic points, the saturation temperature of these binary mixtures exhibits a
characteristic dependence on the mixture quality and concentration; as the more volatile
component of the mixture evaporates at a faster rate, the resulting change in concentration
of the phases causes an increase in the saturation temperature.
This behavior can be taken advantage of in the evaporators ofhighly-efficient
refrigeration systems. By using binary mixtures, which offset the saturation temperature
decrease which unavoidably occurs as a result ofpressure drop along the length of an
evaporator, second law inefficiencies in a refrigeration system can be reduced.
Unfortunately, binary fluids exhibit a significant reduction in the overall two-phase
heat transfer coefficient, as compared with that obtainable from pure fluids under similar
conditions. Saturation temperatures around a growing bubble are elevated by
concentration changes on a micro-scale, inducing a net decrease in bubble growth rates,
and hence the two-phase heat transfer efficiency.
Little is known about the details of this mechanism as it exists in flow boiling.
Considerable research has been done on thermal and concentration diffusion effects in the
no-flow (pool boiling) case, but there is very little material available in the literature
pertaining to flow boiling conditions.
Bubble nucleation and growth is the cause of the considerable increase in heat
transfer coefficient as experienced during boiling, compared to the single phase heat
transfer mode. An understanding of the suppression in boiling heat transfer inevitably
requires an investigation of the factors influencing the growth ofvapor bubbles.
Bubble growth phenomena has a well established foundation in the current
literature for conditions ofno bulk flow (pool boiling). However, most practical cases
involve bulk flow of the liquid / vapor mixture. This flow boiling situation is significantly
more complicated, and not as well understood.
2. LITERATURE REVIEW
The study of the factors influencing growth rates ofvapor bubbles growing from a
heat source of superheated temperature has received over five decades ofresearch
attention. This problem has been studied for the cases of free spherical bubble growth in a
uniformly superheated fluid, growth of a bubble attached to a superheated wall in a
uniform temperature field, attached bubble growth in a non-uniform temperature field, and
attached bubble growth in flow-boiling situations. These are in order of increasing
complexity, decreasing treatment in literature, and increasing practical application value.
2.1 FreeBubble GrowthModels
The fundamental problem of a spherical bubble growing in an infinitely extended
medium ofpure liquid with an initially uniform superheat is the basis for more advanced
models. A bubble in such state will have an unstable static equilibrium at an initial radius
ofR0. From a static balance ofpressure and surface tension forces, it can easily be shown
that the vapor pressure in a spherical bubble of radius r at rest is greater than the ambient
pressure by an amount Ap, given in terms of the liquid surface tension ex.
2a
Ap = Equation 2.1
At the equilibrium radius Ra, the increased pressure in the bubble effects a saturation
condition at the bubble interface, which is at the bulk temperature. Since the bubble
pressure is inversely related to the radius, any perturbation increasing the radius will cause
vaporization to occur at the interface, and subsequent growth of the vapor bubble in an
unstable departure from equilibrium. However, the available heat ofvaporization is
limited by the thermal diffusion capacity of the surrounding liquid, ultimately limiting the
bubble growth rate [Carey (1992)].
In general, vaporization at the interface and consequent bubble growth will occur if
the interface is superheated at the pressure of the bubble vapor. As a result ofmechanical
forces and heat fluxes which coincide with the bubble growth, the superheat of the bulk
fluid available at the interface is dissipated by an amount related to the growth rate,
effecting a damping of the rate ofdeparture from the equilibrium at R0: Acceleration of
the liquid surrounding the spherical bubble imposes an inertial force which together with
the surface tension force increases the bubble pressure, subsequently increasing the
saturation temperature at the interface. Additionally, the heat flux from the bulk liquid to
the bubble interface required for satisfaction of the latent heat of the evaporated liquid
induces a thermal boundary layer which reduces the temperature at the bubble interface
from the ambient liquid temperature. Both factors thereby act to reduce the superheat
available at the bubble interface. The bubble growth theories presented here are
fundamentally quantifications of either or both of these effects.
2. 1. 1 Inertially ControlledGrowth; RayleighModel
Rayleigh (1917) used a consideration of the increase in bubble pressure resulting
from inertial forces imposed on the interface by the surrounding liquid to derive a bubble
growth model. By equating the kinetic energy of the moving liquid external to the bubble
with the pressure work done by the expanding vapor bubble, a second-order differential
equation ofbubble radius in time and the driving pressure differential zip is derived:
rr+!# =MO Equation 2.2
Ap(t) is the pressure difference between the liquid on the interface and the ambient
pressure, and pi is the liquid density. Rayleigh's equation [2.2] assumes an inviscid liquid
medium. Plesset and Zwick (1954), Forster and Zuber (1954), and Scriven (1959) used a
generalization of the basic Rayleigh equation which accounted for the effect of the
viscosity v in the surrounding liquid:
ft
3 . . Ap(t) RRR = ^^-L - Av- Equation 2.3
2 a R H
Substitution of the Clausius-Clapeyron relation between saturation pressure and
temperature for a fluid into the Ap term of yields:
^+T^ =~"GiSt) Equation 2.4
2 pxT
where 6k(0 is the superheat of the bubble radius with respect to the bulk saturation
temperature at time / and pvis the density of the bubble vapor. The terms / and T refer to
the latent heat ofvaporization and the temperature at the interface, respectively. With the
assumption that the interface superheat is constant and equal to the bulk superheat (0r(1)
= 60), solution of the differential equation yields:
R(t)
r2pvl00\n
,
t Equation 2.5
3p,T J
The OR(t) = 0o assumption is valid in the initial bubble growth stage, where the
growth rate is governed largely by inertial forces. At this early stage ofgrowth, the
transient formation of the thermal boundary layer results in a relatively small drop in
interface temperature from that in the bulk; the bubble growth is driven chiefly by the
specific heat of the superheated fluid in close proximity to the bubble instead ofheat
conduction through a boundary layer. As can be seen from Equation 2.5, the bubble
diameter is proportional to time, or equivalently, the bubble growth rate is constant. This
is characteristic of inertially controlled growth.
2. 7. 2 ThermalDiffusion ControlledGrowth
As bubble growth advances, a thermal boundary layer develops. The drop in bulk
fluid temperature across this boundary layer governs the bubble growth rate in the
advanced stage ofgrowth; the interface temperature will tend to the bulk saturation
temperature for large bubble radii. This is the thermally-controlled or asymptotic growth
stage. Solution of the bubble-growth problem in this stage ofgrowth requires
consideration of the heat transfer through the boundary layer in the liquid surrounding the
bubble. In the following analyses by various investigators, the temperature of the vapor
inside the bubble is typically assumed to be uniform, as the thermal diffusivity of the
bubble vapor is much higher than that of the surrounding liquid.
2.1.2.1 BosnjakovicModel ofThermalDiffusion.
A simple solution ofheat-diffusion governed bubble growth is given by
Bosnjakovic, as reviewed by Van Stralen (1979). By using a heat balance at the interface
and a mass balance of evaporated fluid, a relation between bubble growth rate and
boundary layer thickness is obtained. Inertial forces are ignored in the Bosnjakovic model
- therefore it is only valid for the advanced stages ofbubble growth in which heat diffusion
is the dominant growth rate controlling mechanism. Using an expression for the boundary
layer thickness on a semi-infinite plane body under analogous conditions, the resulting
bubble growth equation is:
2
R(t) = Ja{at)V2 Equation 2.6
n
Ja is the Jacob number, a nondimensional bubble growth rate parameter given by:
Ja = ^-O0 Equation 2.7
PJ
where c is the mass specific heat of the liquid. The Bosnjakovic model shows that the
bubble radius is proportional to the square root of time in the heat-diffusion controlled
growth stage, hence the name asymptotic growth.
2. 1.2. 2 Forster andZuberModel
A more refined model is offered by Forster and Zuber (1954). Using the solution
of a transient heat-conduction equation in the liquid boundary layer and a heat and mass
balance with consideration of the mechanical forces inherent in the Rayleigh equation, a
second-order nonlinear differential equation of radius in time and bulk superheat is
obtained:
p\BR+\ie\=
2a
a C200"o ( \l/2(na) Ja
2a
Equation 2.8
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where a is the thermal diffusivity of the liquid fluid. C2 is a constant which depends on
various assumptions on the mode ofheating. A solution of the Forster-Zuber equation is
straightforward given an asymptotic growth assumption; as t -> oo , a simplification and
solution ofEquation 2.8 yields:
R(t) =
Ja(nat)m
Equation 2.9
2.1.2.3 Plesset andZwickModel
Plesset and Zwick (1954) offer a theory with similar assumptions. By applying a
perturbation theory solution to the heat diffusion across the boundary layer formed about
the bubble, and considering the heat, mass, and force balances as in the Forster - Zuber
solution, a differential equation ofbubble growth in nondimensional parameters is
obtained. With an asymptotic growth assumption t > co , as above, an equation ofbubble
radius in time is obtained as:
fl2Y/2
R(t) = IJ
Ja(at)U2 Equation 2.10
2.1.2.4 ScrivenModel
The Scriven (1959) solution to bubble growth uses a transient heat conduction
equation in the thermal boundary layer which accounts for the effect of radial convection
arising from unequal phase densities in addition to the thermal diffusion effects considered
in the above models. Using a similarity solution, Scriven obtains
R(t) =
Ct1'2 Equation 2.11
where the constant C is generally solved using a numerical solution procedure. An
asymptotic growth stage assumption yields the same equation as Equation 2.10 above.
2.1.3 MikicModel: Combined Inertial andDiffusion Effects
Mikic et al. (1970) combined the differential form of the Plesset and Zwick heat-
diffiision solutionwith an approximate form of the Rayleigh equation ofmotion (Equation
2.2) to obtain a solution which is valid in both the inertially-controlled and asymptotic
phases ofgrowth:
*-! (r++l)2-(/
+ )2-l Equation 2.12
R+
and
/+
are the nondimensional bubble radius and time, given by:
A A2
R+=2-R t+=Wf Equation 2.13
where the constantsA and B originate from the Clausius - Clapeyron equation and the
Plesset-Zwick solution:
'2/>vA7^ fny2
B = \ 71 Ja Equation 2.14
V 3p,Tsat J
where I is the latent heat of the liquid and AT is the bulk liquid superheat.
According to the Mikic et al. solution, the inertial and heat-diffusion effects reduce
the available superheat by an equal amount at a value ofnondimensional time equal to
unity. For outlying values of t, theMikic et al. solution approaches the expected limiting
cases: Equation 2.12 reduces to the Rayleigh (1917) (no heat-diffusion) solution at values
oft+l, and simplifies into the Plesset-Zwick (1954) relation for values oft+l.
2. 7. 4 Effect ofBinaryMixtures on Bubble Growth Rates
The bubble growth problem for binary (two-component) or more general
multicomponent mixtures is further complicated by a third growth-controlling mechanism
in addition to the heat diffusion and fluid inertia effects: Evaporation will deplete the
interface of the relatively more volatile mixture components with respect to the bulk fluid
concentrations. This depletion will raise the effective saturation temperature at the bubble
interface and create a diffusion flow ofmore volatile components from the bulk fluid to
the evaporating interface. A concentration boundary layer forms around the bubble in
advanced stages ofgrowth, and the bubble growth rate is consequently damped in a
manner very nearly analogous to that of the heat diffusion damping mechanism. Since the
mass diffusivity ofmost engineering fluids is much smaller than the associated thermal
diffusivity, mass diffusion is the dominant asymptotic-mode bubble growth controlling
influence for many mixtures.
2. 7. 4. 1 Van StralenModel ofMassDiffusion
A solution to the mass diffusion problem in binary mixtures is offered by Van
Stralen (1979): Extending Scriven's (1959) pure-fluid solution by considering the
analogous nature ofmass diffusion through a concentration gradient and assuming an
asymptotic mode bubble growth (only mass and heat diffusion mechanisms) results in an
equation ofbubble radius in time given by:
I
R(t) =[j Ja0{at)2 Equation 2.15
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This equation is equivalent in form to the asymptotic-mode bubble growth
equation for pure fluids (Equation 2.10) given by both Plesset-Zwick (1954) and Scriven
(1959). Ja0 is a modified Jacob number which accounts for the effect of the mass
diffusion mechanism upon binary fluid bubble growth:
Jan =
00
0
pv/
/Pi l/c^
Equation 2.16
("/z>)W
Here, D is the mass diffusivity of the more volatile component of the binary mixture,
analogous to the thermal diffusivity a. AT is the difference in saturation temperature
between the bulk fluid and the liquid at the bubble interface caused by the concentration
dissipation between the bulk and the interface fluid. G is the vaporized mass diffusion
fraction of the bubble, given by:
G = fo_Z Equation 2.17
y-x
where x0, x, andy are the mass concentrations of the more volatile component in the bulk
fluid, in the liquid at the bubble interface, and in the bubble vapor, respectively. G
expresses the concentration difference across the mass diffusion boundary layer as a
fraction of the concentration difference across the bubble interface.
Van Stralen showed that the ratio (^%) is approximately independent of G and
Oo at low values ofG, and demonstrates a graphical method of approximating i^yrA for
binary mixtures ofvarious bulk concentrations: In Figure 2. 1, a constant-pressure
equilibrium diagram is given for a binary mixture with no azeotropic points. The
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intersection of the bulk concentration x0 with the boiling point curve gives the saturation
temperature of the bulk fluid Tsat(xo). The saturation temperature at the interface is
elevated by an amount AT, shown as the difference between the boiling point curve
intersections of the bulk (point A) and liquid interface (point B) concentrations (AT=
AE ). By extension of its definition to the graph, G is equal to the ratio of the segment
lengths BE and BD . Using the lever rule and geometric similarity considerations, it is
shown that the ratio (^%) is exactly given by the length of the segment DF , where F is
the intersection of a vertical line drawn through the vapor phase equilibrium concentration
point and a line drawn through points A and B on the bubble-point curve. Assuming a
small value for G, then x x0 in the order ofy - x by definition ofG, and the segment
BAF can be closely approximated by a tangent to the bubble-point curve drawn through
A. This method allows approximation of I Ay^A given only a bulk concentration for a
binary system.
12
TM(xo)
%More Volatile Component
Figure 2.1: Binary FluidPhase Diagram showing graphical calculation of
parameter AT/G by Van Stralen 's (1979) method.
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The value of 1^%') is indicative of the relative strength of the mass diffusion
bubble growth suppression mechanism - bubble growth rates will be maximally suppressed
at a bulk fluid concentration corresponding to a peak (^%*) This can be inferred by
dividing the binary fluid bubble growth equation [2.15] by the Scriven (1979) solution it is
based upon (as in Equation 2. 10), yielding a bubble growth-rate suppression factor S for a
binary fluid.
1
S =
w$xs
Equation 2.18
2.2 Growth ofAttachedBubbles
Solution of the growth problem for bubbles attached to a heated wall exposed to a
liquid medium subcooled in the bulk is complicated by several factors not present in the
free bubble growth theories presented above. A summary of factors considered in the
literature is given before a detailed presentation of the pertinent theories:
2.2. 1 Effect ofFactors Present inAttachedBubble Growth
2. 2. 1. 1 Nonuniform Fluid Temperature
In the typical case of a highly conductive heated surface exposed to a cooler bulk
fluid, a thermal boundary layer will develop in the fluid proximate to the surface. Since
the temperature decreases with increasing distance from the wall, a bubble growing at the
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surface is no longer exposed to a uniform superheat. As a growing bubble traverses this
boundary layer, the superheat available to the growing bubble decreases. For a given
superheat condition at the wall, bubble growth is thereby suppressed relative to a free
spherical bubble growing in an expansive fluid medium uniformly superheated an amount
equal to the that of the wall.
2. 2. 7. 2 EvaporationMicrolayer
Liquid is displaced as a bubble expands, imposing a radial velocity field in the
surrounding liquid. The viscosity of the liquid and a no-slip condition on the surface fluid
creates a dynamic boundary layer velocity distribution in the fluid adjacent to both the
bubble interface and the heated surface. Under some conditions of fast growth and high
velocity gradient (e.g. as found in situations ofhigh Jacob number, low pressure, and high
liquid viscosity), the bubble interface may overrun the slow moving fluid in the velocity
boundary layer. This results in the "evaporation
microlayer"
phenomena, resulting in a
hemispherical bubble with a relatively thin liquid layer immediately between it and the
surface. Due to the high superheating of the heating wall and the low thermal resistance
of the thin evaporation microlayer formed between the wall and the bubble vapor, heat
transfer through this microlayer can be considerable.
Substantial evaporation microlayer formation in the pool-boiling ofwater generally
requires sub-atmospheric pressures to obtain sufficient bubble growth rates (reduced
pressure results in lower vapor densities, hence increased bubble volumes per unit of
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bubble vapor enthalpy). More viscous fluids such as oils may require slower bubble
growth rates for evaporation microlayer formation.
2.2.1.3 RelaxationMicrolayer
After bubble detachment from the heating surface, an inrush of fluid, typically at
the bulk temperature, ensues to replace the volume previously voided by the bubble.
During a waiting period before a succeeding bubble nucleates on the same site, this
replacement fluid is heated transiently - a portion of this parcel of fluid is typically
superheated before re-nucleation on the surface site. Much of this superheated fluid is
transported outwards on the interface of the next bubble growing at that nucleation site.
This "relaxationmicrolayer"of superheated fluid adjacent to the bubble interface results in
the bubble being exposed to a higher degree of fluid superheat per distance from the
heating wall than may be expected from an analysis of the steady-state thermal boundary
layer profile at the surface. Obviously, the relaxation microlayer phenomena has an effect
on the bubble growth which counters that considered from an analysis of the thermal
boundary layer formed on the surface under static conditions.
2. 2. 1.4 Wall Temperature Gradient
Due to the very high localized heat fluxes characteristic ofnucleate boiling, the
wall can develop transient temperature gradients which are significant under some
conditions. Wall temperature gradients can have a particularly strong influence on bubble
growth during conditions which result in the formation of an evaporation microlayer as a
consequence of the associated extremely high concentrated heat fluxes.
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2.2.1.5 Wall-Vapor Interface
The effect ofdirect heat transfer from the heating wall to the bubble vapor in the
apparently dry area central to the bubble is typically neglected, as it is relatively
insignificant to the evaporation heat transfer in most models. However Hammer and
Stefan (1996) have recently conducted a numerical investigation in which the heat transfer
through a "micro-region" of fluid held on the surface by molecular adhesion forces is
shown to be significant.
2.2.2 AttachedBubble GrowthModels
As a result of the combined effects of the microlayers and the transient heating of
inrushing replacement fluid resulting from bubble detachment, bubble growth at a
superheated surface is typically a cyclical process; determination of a period and the
several inferior stages of the bubble growth cycle are important to the treatment of the
bubble growth problem. The mechanisms causing bubble detachment and subsequent re-
nucleation are significant to the consideration of the entire bubble growth cycle.
Specifically, a consideration of the instants ofboth bubble nucleation and detachment are
integral to the theories which consider a non-uniform temperature field in the thermal
boundary layer.
2.2. 2. 1 Mikic andRohsenowModel
Mikic and Rohsenow (1969) have considered thermal diffusion controlled bubble
growth at a heating wall using a novel one-dimensional simplification. The bubble growth
cycle is divided into two stages:
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First, the heating surface is instantly exposed to fluid at the uniform bulk
temperature immediately following the bubble departure of the preceding cycle. This fluid
is then transiently heated at the wall during a period of finite waiting time tw, after which a
new bubble nucleates at the start of the second stage. As modeled, the fluid will have an
error function temperature profile in the single spatial dimension ofdistance from the
heating wall upon the end of the first stage. The freshly nucleated bubble which
commences the second stage drops the temperature of the fluid immediate to the wall to
the saturation value at ambient pressure (inertial effects are disregarded here). The bubble
then grows in the non-uniform temperature field resulting from the first stage of the cycle
until departure. Departure then initiates the first stage of the succeeding bubble growth
cycle. In both stages, the temperature profile is modeled using the usual differential
equation of transient heat conduction in one dimension, with appropriate initial and
boundary conditions.
A solution to the superposition of transient conduction equations in each of the
two stages is given as:
dR B
dt 2y[i
T -T T -T
1
f t v
Kt +U
Equation 2.19
0* Tw ~ Tsat
whereB is as given in Equation 2. 14, with the understanding that the superheat term in the
Jakob number is defined as the elevation of the wall temperature above the ambient
saturation value. Additionally, Tb is the bulk temperature, Tw is the wall temperature, 0* is
18
the aforementioned wall-referenced superheat, and the time t is taken equal to zero at the
instant ofnucleation. Equation 2. 19 can be integrated to yield:
r+
=(t+yJi_-jz
T-T
T -T :*)
rt+\
\.t+J
Equation 2.20
where the + superscripts refer to the non-dimensional form ofparameters as given in
Equation 2. 13 above. Equation 2.20 reduces to the familiar asymptotic mode bubble
growth equation given by Equation 2. 10 when Tw = Tb.
Mikic and Rohsenow assumed that a bubble would nucleate as a hemisphere
central to the plane of the wall and of an initial radius equal to rc, the radius of the
nucleation site cavity. Assuming nucleation would occur at the moment when the
transient temperature in the profile at the tip of this hemisphere is greater than saturation
at the given radius yields a nucleation criterion:
Tliquid(x = rc)>T((lalrc)
Equation 2.21
where x is the normal distance from the wall and T-2alr is the saturation temperature at
the initial bubble radius, given the surface tension pressure induced saturation temperature
elevation, which can easily be found by referring to the Clausius-Clapeyron relation. The
waiting time tw follows directly as the time required for the temperature profile in the first
stage to meet this nucleation condition.
Given the expressions for radius given in Equation 2.20 and waiting time resulting
from the nucleation criterion ofEquation 2.21, a relation between bubble frequency and
19
departure diameter results. Mikic and Rohsenow do not propose any model for departure
diameter in their work, rather they leave bubble frequency and departure diameter in an
interdependent relation.
2. 2.2.2 EvaporationMicrolayerModels
Models ofbubble growth accounting for the fluid-dynamically induced formation
of an evaporation microlayer have been developed by several researchers, including
Cooper and Lloyd (1969), Kotake (1970), Van Ouwerkerk (1971), and Van Stralen et al.
(1974). Typically, a Navier-Stokes equation in combinationwith a variety of simplifying
conditions is applied to the boundary layer flow in the liquid beneath a rapidly expanding
bubble. The Navier-Stokes solution in combination with continuity leads to a relation for
the microlayer thickness, which is used to estimate the thermal resistance between the wall
and the liquid-vapor interface at the upper boundary of the microlayer. Values ofheat flux
resulting from microlayer conduction (often considering the effect of temperature
gradients in the heating wall) are then added to the heat flux contribution of the curved
major portion of the growing bubble, resulting in a superposition heat flux into the bubble.
Taken together with a heat and mass balance for the bubble, this results in an expression
ofbubble radius in time.
2.2.2. 3 Hammer andStephanModel
Hammer and Stephan (1996) have studied bubble growth under conditions in
which heat flux through a microlayer resulting from adhesion forces between the liquid
under the bubble and heating wall is significant. Their model, which assumes a bubble in
the shape of a truncated sphere with an extremely thin microlayer of liquid over the
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heating wall at the truncated portion of the bubble, is applicable for fluid -wall material
combinations which result in wetting at the wall, such as ethane on copper.
In the thin microlayer considered by Hammer and Stephan, the short range
attractive forces between the molecules of the wall and microlayer fluid act to suppress
evaporation at the microlayer liquid - vapor boundary. The increase in saturation
temperature at this boundary caused by the attractive forces and by the curvature of the
meniscus formed by the thin microlayer are accounted for in their model. A laminar
velocity boundary layer is assumed in the microlayer, and the resulting heat flux
contribution for the microlayer is expressed as a set of coupled differential equations.
The standard two - dimensional steady state heat conduction equation is used to
model the heat flux over the spherical bubble interface. Superimposing the respective heat
flux contributions and using a numerical solution of the coupled differential equations
yields a bubble growth profile in time which is very nearly exactly equal to the general
asymptotic bubble growth expression 7? ~ -Jt . For the conditions modeled by Hammer
and Stephan, the microlayer accounted for up to 60% of the net heat flux into the bubble.
2.2.2.4 Van StralenModel: RelaxationMicrolayer
A relaxation microlayer model for bubble growth in pure and binary systems has
been proposed by Van Stralen (1974). Similar to theMikic and Rohsenow (1969) model
of Section 2. 1 .3, the bubble growth cycle is partitioned into a growth stage and a waiting
stage. The growth phase extends from the instant ofbubble nucleation until departure, for
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a period of tt. Bubble departure commences the waiting stage which continues for a
period of t2 until re-nucleation of the bubble growing in the succeeding cycle. Hence the
entire bubble growth cycle is ofperiod // + 12.
During the interval ofbubble departure, centered around the latter part of the
growth stage and the early portion of the waiting stage, the departing bubble voids a
volume adjacent to the wall which is replaced by inrushing fluid at the bulk temperature.
For the remainder of the waiting stage, this fluid is superheated by the wall to an assumed
uniform temperature equal to that of the wall. The expanding upper interface of the new
bubble transports this mass of superheated fluid away from the wall. Bubble growth is
thereby viewed as a relaxation of the excess (above saturation) enthalpy of this layer. At
the time ofbubble departure, the transfer of excess enthalpy in the relaxation microlayer is
total in pure fluid systems, while it is only partial in binary fluids because of the saturation
temperature variation resulting from the concentration gradient at the interface.
2.3 Summary ofLiterature
As discussed, bubble growth during pool boiling conditions is regulated by inertial
and diffusion mechanisms which damp the rate ofdeparture of a bubble from the
(unstable) equilibrium radius. Inertial effects are dominant early in the bubble growth
cycle, while the influence of the diffusion mechanism becomes controlling in advanced
stages of the cycle. The available theories for pool boiling bubble growth are
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fundamentally mathematical representations of either the diffusion or inertial mechanism,
or both.
There are many modifications on the basic theory available for the case of attached
bubble growth on a heated wall. These modifications include consideration of the effects
due to relaxation and evaporation microlayers, wall material, and wall boundary layer
temperature profile.
Experimental data by many of the researchers shows that the basic diffusional
model given by Scriven (1959), Plesset-Zwick (1054), and Van Stralen (1979)
concurrently (Equation 2. 10) is reasonably valid for water bubbles growing at atmospheric
pressure under general conditions. Additionaly, the period of inertial dominance in this
situation is very soon over, and most of the bubble growth period is in the asymptotic
region [Van Stralen (1979)].
The theory inherent in Equation 2. 10 represents the fundamental nature of the
diffusion process, which is the dominant physical mechanism regulating water bubble
growth in atmospheric pressure conditions, and is not complicated by consideration of any
of the relatively minor special effects considered in Section 2.2. For these reasons, it is
used as a base for further development in this work. Van Stralen's (1979) modification
for binary mixtures is also recommended in this work, for the same reasons.
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3. OBJECTIVES OF PRESENT WORK
The current literature treatment of the binary mixture boiling suppression
mechanism for pool boiling situations is well developed by Van Stralen (1979), as seen in
Section 2. 1 .4. However, as mentioned previously, the current treatment for cases of flow
boiling is incomplete.
Extension of the basic pool boiling diffusion model to cases of flow boiling will be
investigated in the present work. By qualitatively considering the effects upon the bubble
growth mechanism of the bulk velocity inherent in flow boiling, the range of applicability
of the pool boiling model is justified.
An experimental investigation has been undertaken to provide bubble growth data
at various conditions ofbulk fluid concentration, for verification of theoretical results.
Experimentally observed heat transfer coefficient values for binary fluids will be
examined to determine if there is a relationship between the binary suppression in heat
transfer coefficient and the binary suppression ofbubble growth rates.
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4. EXPERIMENTAL SETUP AND PROCEDURE
4.1 ExperimentalSetup
The experimental hardware used in this work is a modified form of that used by
Stumm (1994), Mizo (1995), and Howell (1996). It is made up of a system to produce
the desired local flow boiling conditions and data acquisition equipment to record the
experimental data. A pictorial representation of the entire experimental setup is presented
in Fig 4.1.
4. 1. 1 Test Section and Immediate Hardware
4. 1. 1. 1 Test Section
The test section consisted of a rectangular flow channel with a 3mm x 40mm cross
section, a circular heating area exposed to the fluid flow at a test point along the bottom
of the flow channel, and a transparent window for viewing the activity above the heating
area. Equipment required to operate the test section included a constant temperature
water bath, electrical heater, power supply, manometer, and various hoses and valves.
This test section was constructed from 2024-T3 aluminum stock. Upon assembly
of the top half to the bottom half, a rectangular flow channel is formed with dimensions
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Figure 4.1: Pictorial Representation ofExperimental Setup. Adoptedfrom
Stumm (1995).
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of 3mm x 40mm in cross section and a length of approximately 400mm. Fittings for pipe
couplers are included at either end of the channel, and a gradual transition from the
circular pipe section at the channel entrance to the rectangular channel section is machined
in the form of a four sided smooth duct of approximately 150mm length at the entrance
side of the channel. Channel surfaces upstream of the test point were polished to remove
stray tool marks and scratches, and the angled corners in the entrance duct were ground
and polished to a smooth radius. A groove for a sealing rubber O-ringwas machined
around the perimeter of the upper test section halfmating surface. Provision for a heating
surface and an observation window were provided in the channel at the location of the test
point. Ports for a manometer and thermocouple were provided in the vicinity of the test
point.
A pictorial illustration of the test point location is given in Figure 4.2. Actually,
this figure is from an earlier version of the test setup used by Stumm and slightly different
from the current version, but is functionally descriptive of the arrangement at the test
point.
4.1.1.2 HeaterAssembly
The heater section can be seen in the lower part of the test point in Figure 4.2, and
in detail in Fig 4.3. It is constructed of 6061 aluminum and outfitted with a set of four E-
type thermocouples spanning the length of the narrow cylindrical portion. The sensing
junctions of each of these thermocouples were set in a radial hole such that theywere
positioned in the approximate center of the cylinder cross section, and secured into place
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Figure 4.2: PictorialRepresentation ofTest PointLocation. Adoptedfrom
Howell (1996).
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Figure 4.3: Detail ofHeaterAssembly, showing locations ofthermocouple
points.
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using Omega CC High Temperature Cement. A very small channel was machined into
part of the heater length to allow clearance for the thermocouple wires. The face of the
heater exposed to the working fluid at the test point location was polished on a
metallographic polishing wheel to a final surface roughness of approximately 1pm.
An electrical heater was wrapped around the large diameter base of the heater
section described above. It was connected to a power supply with a continuously variable
output voltage which allowed the heater power output to be adjusted in the range of0 -
200 W.
A bushing fabricated ofTorlon plastic was used to hold the heater assembly in
place, as can be seen from the Figure 4.2. Press fits at the inner and outer mating surfaces
of the bushing were used to retain the parts and seal the assembly. Considerable care was
taken during assembly of these parts to ensure that the heater, Torlon bushing, and flow
channel were all flush at the fluid exposed surface to avoid unwanted disruption of the
fluid flow in the vicinity of the heater area.
Glass wool insulation was wrapped around the surfaces of the heater exposed to
ambient air, in order to reduce heat loss from that portion of the heater outfitted with the
thermocouples.
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4.1.1.3 Observation Window
An observation window constructed of a polycarbonate plastic was placed into the
top flow section halfat the test point location. Chemical sealant was used to seal the
window to test section mating surface. As with the heater parts, great care was taken
during assembly and manufacture to ensure that there were no sharp irregularities in the
fluid exposed surface of the window perimeter.
4. 1. 1. 4 Temperature ControlledCirculator
The working fluid was heated and circulated by a VWR Scientific 1 176 constant
temperature bath. This equipment permitted closed-loop control of the fluid temperature
within the experimental working range and was equipped with an adjustable duplex pump
for controlled fluid circulation.
4.7.7.5 WorkingFluid
An aqueous ethylene-glycol solution or pure water was used as the working fluid,
depending upon testing requirements. Distilled waterwas used in the working fluid to
prevent the formation ofdeposits on the boiling surface. For the glycol solutions, ethylene
glycol and distilled water were combined to a given volume measure, calculated from the
mixing temperature specific gravities of each component to
yield the desired mass
concentration in the mixture. As such, the 40% mass fraction glycol solutionwas mixed
at 37.5% volume glycol, and the 80% mass solution was mixed with a 75% glycol volume
concentration.
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4.1.1.6 MiscellaneousHardware
The fluid handling hardware was joined by Gates high-temperature rubber hoses,
which are resistant to deterioration at the high saturation temperatures of the binary
solutions used. A pair ofvalves was provided on the ports of the test section to permit
pressure and flow rate adjustment. To monitor the flow rate, an Omega flowmeter,
described in the following section, was placed in series with the outlet of the constant
temperature bath.
4. 1. 2 DataAcquisition Equipment
4. 1.2. 1 Heater and Test Section Temperatures
Temperature readings from the four heater thermocouples and the single flow
section thermocouple were measured using a Keithley 740 Scanning Thermometer. It
digitally displayed the temperature readings with a precision of0.1C.
4.1.2.2 FluidFlow Rate
An Omega FL-1503A rotameter (variable area flowmeter) was used to monitor the
volumetric flow rate through the test section. The volume rate was indicated with a
precision of0.025 GPM.
4. 1. 2.3 MicroscopicRecordingofBubbles
AMicromanipulator HSDS-1 microscope was stationed above the observation
window at the test point location. It was equipped with three Bausch & Lomb objective
lenses ofvarious magnifications and a variable magnification eyepiece. The microscope
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had provision for a video camera which allowed observation through the attached
eyepiece simultaneous with video camera operation.
Images were recorded using a Kodak Ektapro 1000 High Speed Camera. This
camera was able to capture images at a frame rate ofup to 6kHz using an electronic
shutter arrangement. After temporarily saving the images on the high speed camera, they
were transferred to a standard VHS videotape for a later analysis. The VHS tape was
recorded and played in a Panasonic AG-6300 video cassette recorder, which allowed
playback at a frame by frame rate. AMitsubishi XC33 10 monitor with a diagonal screen
dimension of28 inches was used during playback of recorded images.
4.2 Experimental Procedure
4. 2. 1 Summary ofExperimental Objective andProcedure
The objective of the experimental investigation was to obtain accurate bubble
growth rate and heat transfer data for local flow boiling ofglycol-water solutions at
various concentrations. Single phase heat transfer data are also obtained to use as a
reference in the later analysis. A table of the experimental conditions investigated is given,
Table 4.1.
A general summary of the experimental procedure used to obtain these desired
data is as follows: First, a mixture of the appropriate concentration was circulated
through the system at near-saturation temperature to remove most dissolved gases. Then,
the multiple test conditions ofbulk fluid temperature, flow rate, and test section pressure
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were set for a given group of experimental conditions. While maintaining these set
conditions, the heater input power was adjusted through the range ofdesired values.
After the heater reached steady state at each point, the heater element temperatures were
noted and any bubble activity was recorded with the high-speed camera recorder. This
routine was carried out for the entire range of conditions specified in the Table 4.1.
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Composition, Setpoint Temp, Volume Flow Rate, Heater Input
% mass Glycol Degrees C m3/min x 1000 Power,Watts
95 2.9 3-35
0% 95 1.0 6-28
85 2.9 23 - 35
85 1.0 13 - 28
40% 98 2.9 6-28
98 1.0 28 - 50
80% 115 2.9 10 - 50
il5 1.0 22 - 42
Table 4.1: Summary ofTest Conditions used in Experimental Investigation.
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4.2.2 Degasification ofWorkingFluid
Before beginning data collection, the solution was circulated through the test
section at an elevated temperature to remove any dissolved air: After reaching a setpoint
of approximately 1C below the at atmospheric pressure saturation temperature, the test
setup was operated at a low speed pump setting for at least four hours to insure the
removal of any dissolved or entrained air.
4.2. 3 Establishment ofSetpoint
The setpoint on the constant temperature bath was then adjusted to the desired
experimental condition. By adjusting the pump speed and the inlet and outlet valves on
the test section, the desired flow rate was set while maintaining atmospheric pressure at
the test section, as indicated on the attached manometer. Throughout the duration of the
test, the flow rate and test section pressure were monitored, and adjusted upon deviation
from the desired conditions.
The heat rate input was set by adjusting the voltage output of the variable power
supply; From a consideration ofOhm's Law, the heater power input is known to be
nearly proportional to the square of the input voltage (exactly proportional assuming a
constant heater electrical resistance).
By observing the asymptotic trend ofheater node temperatures in time, it was
possible to establish when the heater temperatures reached the desired steady state.
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Typically this would take about 20 minutes of elapsed time from the moment of input
power adjustment*
4. 2.4 DataAcquisition
After the steady state condition was reached, the heater node temperatures were
measured and recorded for a later analysis. The high speed camera was then focused on
an area of the heater surface to record any bubble activity. Typically, when there was
significant nucleation observed, recordings were taken at three different settings of
magnification and a frame period of 1ms. The images recorded by the high speed camera
were then transferred to a standard videotape for a later analysis. A serial number
recorded for each session of the high speed camera was also noted, and used in the
subsequent investigation to match the videotape sequences with the recorded test point
conditions.
4.3 ExperimentalData Reduction
The heater thermocouple temperature data is reduced to yield surface temperatures
and heat flux densities. Images from the video tape recordings are used to obtain bubble
diameter versus time histories. Additionally, the flowmeter reading is corrected for the
different liquid properties to give a volumetric flow rate.
4. 3. 1 Heater Surface Temperature andHeat Flux
Surface heat flux densities and temperatures are obtained from the thermocouple
temperature data using a simple one-dimensional steady-state thermal model of the upper
cylindrical portion of the aluminum heater (referring to Figure 4.3, that cylindrical portion
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of the heater outfitted with the thermocouples TrT4, extending to the surface TSurf)'- The
heat flux value in the heater segments between thermocouple points Tu T2, T3, and T4 and
in the segment between thermocouple T4 and the heater surface at Tsurf were all assumed
to be equal at steady state. This model in essence assumed that the outer cylindrical
surface of the heater was an adiabat, i.e. that all heat conduction was in the axial sense. It
also assumed a constant heat flux density over the cross sectional area of the heater
cylinder. By virtue of the very high thermal conductivity of the aluminum heater relative
to the thermal conductivity of the surrounding Torlon plastic and glass-wool insulation,
these assumptions are warranted.
Referring to Figure 4.3, the measured temperature difference between
thermocouple points T2 and T3 is used in combination with the calculated thermal
resistance in the aluminum between these points to give an average heat flux value for the
heater segment T2-T3. The average heat flux in the segment between thermocouples T3
and T4 was calculated in a similar fashion.
The calculated pair ofheat fluxes in the pair of segments 72-73 and T3-T4 were
generally found to be equal within 2%. This finding is as expected from an energy
conservation standpoint, given the one-dimensional model. During the data analysis, it
was found that the readings from the thermocouple Tl were erratic and unreliable, and
could not be used in the data reduction.
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The heat flux values in the segments 72-73 and T3-T4 were averaged to obtain a
heat flux value forthe heater exposed surface at TSURF. The heater surface temperature,
Tsurfwas obtained by calculating the temperature drop in the segment T4-TSurf from a
similar thermal resistance consideration, given the known value ofheat flux in the
segment.
4. 3. 2 Bubble Sizes andGrowthRates
The recordings from the high-speed camera were used to find the bubble diameter
versus time histories for several bubbles at each test condition which were clearly visible
for a period during their growth and detachment. This was done by directly measuring the
bubble diameters from the monitor on a frame by frame basis and scaling the measured
sizes by an appropriate factor to obtain the actual bubble diameters at each frame. For all
bubble diameter data used in this work, the frame rate was 1000Hz (1ms frame period).
Periodically throughout the experimental data collection, the microscope was
positioned over the heater edge and focused at the low magnification lens setting. Images
recorded by the high speed camera from this placement were used to calculate the net
scaling ratio between the monitor and the heater surface. Referring to Figure 4.4, the
length of a chord passing through the arc formed by the edge of the heater surface was
measured on the monitor screen along with the length of the perpendicular radial segment
between the measured chord and the edge arc for each of the sequences recorded at the
aforementioned microscope placement. From a simple geometric consideration, the
monitor scaled diameterD was calculated as;
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C2
D = + L Equation 4. 1
where C is the measured length of the chord and L is the measured length of the radial
segment, referring again to Figure 4.4. The monitor scaled diameter D was then divided
by the known diameter of the heater surface to obtain a value for the net magnification
ratio.
Results from a set of 6 such measurements and calculations yielded values for the
net magnification ratio ranging from 84X to 98X, with a mean of90X. Net magnification
ratios for the medium setting of the microscope objective lens were calculated from a
known relation between the magnification ratios of the medium and low lens settings.
This calculation resulted in a value of290X net magnification for the medium objective
lens. Data collected with the high magnification objective lens was not used in this work.
4.3.3 FlowMeter Data
The Omega flowmeter used was graduated in unit percentage of full scale. From
the calibration data for the particular flowmeter used, 100% full scale was equal to a flow
of0.0253 GPM ofwater at a standard temperature of70F.
40
D\ / *\ / /
\ / '\ / '
\ / '
\ ' '
X /I
X ' /
/ 1
/ 1
/ 1
/ 1
\ -'N
\ / / > >\ / / N
C2
\ / A> "" i D = - + L
a/\
/ X
/ \ / yX
AL
Edge of
Heater Element
Figure 4.4: Calculation ofHeater Diameterfrom monitor image oftest
section portion.
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Readings from the flowmeter were corrected for the non-standard liquid properties
as per the manufacturers recommendation (Omega (1992)): The readings were adjusted
for non-unity specific gravity using
KSf-l)xSt
FsG = V S -S
Equation 4.2
where Fsg is a volume flow rate correction factor, Si is the specific gravity of the liquid
(with reference to water density at 70F), and Sf is the specific gravity of the flowmeter
float (Sf= 8.04). No adjustment for fluid viscosity was suggested for fluids with a
kinematic viscosity less than 6 centistokes, which was the case for all experimental
mixtures.
4.4 Fluid Properties
Properties of the working fluid at conditions pertinent to this work are taken from
standard literature references or calculated, as available. A summary of these properties is
presented in Table 4.2.
4.4.1 Pure Water: StandardProperties
Standard fluid properties for pure water at conditions of interest in this work are
taken from Incropera and Dewitt (1990), and reproduced in the Table 4.2. Properties
found at the bulk fluid temperatures are used for calculating bulk parameters, such as
Reynolds number, and properties at atmospheric saturation temperatures are used for
calculating bubble parameters.
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4. 4.2 Glycol SolutionProperties
4. 4. 2. 1 StandardPropertiesAvaitable
Standard fluid properties for binary ethylene glycol /water solutions at conditions
of interest in this work are taken from Union Carbide (1991), with the exception ofHeat
ofVaporization h/g. Mixture properties are also reproduced in Table 4.2.
4. 4.2.2 Heat ofVaporization
The Heat ofVaporization h% is calculated as a mass fraction weighted average of
the hfg values for each species in the solution, the mass weighting being taken at the mass
fraction of a vapor phase in equilibriumwith the liquid phase at the given bulk
concentration. This vapor concentration was found to be 3% for the 40% glycol solution,
and 12% for the 80% solution.
This calculation intrinsically assumes constant concentrations in both phases
throughout the evaporation process and thereby yields a constant for h/g. Actually, hfg is
exactly dependent on the corresponding concentrations, which vary during evaporation.
However, this assumption is warranted for the concentrations which are present in the
experimental results.
4. 4.2.3 MassDiffusion Coefficient
The mass diffusion coefficientD is the mass diffusion analog of the thermal
diffusivity a = yc n . Since it is not available in the literature or in the usual references/ pP
for the solution of interest, it was calculated from theWilke-Chang (1995) and Vignes
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(1966) correlations. The Wilke-Chang correlation gives DX2 , the diffusivity of species 1
dissolved at an infinitely dilute concentration in a solvent of species 2 as a function of
fundamental fluid properties;
i2-/.tAi\j ^ Equation 4.3Z)=
74x10-'^
T
D 7.4X10
^
where DX2 is given in cm2/ s,M2 is the molar mass of species 2 in g /mole, T is the
absolute temperature in degrees Kelvin, ju is the viscosity in centipoise, Tis the molar
volume at the normal boiling point in cm3/mole, and ^2is a constant equal to 2.26 for the
strongly associated (hydrogen-bonded) fluids under consideration. The diffusivity at non-
dilute concentrations, Dn, is given by the Vignes relation;
Dn = (A2 )" (Ai J*' Equation 4.4
where x2 and xi are the molar concentrations in the solution of species 2 and species 1,
respectively. These were the semi-empirical relations used to obtain the values given in
Table 4.2.
4.4.2.4 Saturation Temperature Sensitivity
The saturation temperature sensitivity in the last column of the table is defined as
, where the derivative is taken at constant pressure and x0 is the bulk mass-basisdTsat
concentration of the more volatile component. This derivative was evaluated from a
fourth-order central finite difference expression for a first derivative applied to the tabular
saturation temperature data. This parameter is a measure of the increase in saturation
temperature with increasing concentration of the more volatile component in the solution
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(actually, the saturation temperature decreases with increasing more volatile component,
therefore this parameter is negative in sign).
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0%,
80C
0%,
95C
0%,
Tgat
40%,
98C
40%, 80%,
urc
80%,
Liquid Density
A,
kg/m3
974 960 958 999 997 1027 1016
Vapor Density
pv,
kg/m3
.260 .537 .596 .66 .65 1.0 1.0
Liq Specific Heat
ch kJ/kgK
4.195 4.214 4.217 3.768 3.812 3.14
0
3.182
Liquid Cond.
*, W/mK
.668 .679 .680 .381 .381 .208 .199
Liquid Viscosity
tH,
Ns/m2*10*
365 289 279 580 540 1000 910
Latent Heat
hfe, kJ/kg
2317 2265 2257 2220 2215 2048 2045
Saturation Temp
T,att C
100 100 100 104 104 121 121
Mass Diffusivity
Z), cm2/s*106
N/A N/A N/A Al .A 2.1
TMt Sensitivity
K/massfrac
N/A N/A N/A -15.7 -80.6
Table 4.2: Fluidproperties. Compositions in percentmassfraction of
ethylene glycol. N/A - not applicable to the designated composition. All
properties evaluated at 1 atm pressure. As discussed in Section 4.4.
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5. DISCUSSION AND RESULTS
In the present experimental work, bubble growth rates and heat transfer
coefficients for pure and binary fluids under various conditions of flow boiling were
obtained and recorded. The bubble growth rates are investigated, and related to the heat
transfer coefficient suppression in binary mixtures. In order to understand the bubble
growth data obtained, the effect ofbulk.fluid flow on the bubble growth mechanism is
qualitatively studied.
5.1 Bubble Growth During Flow Boiling- Effects ofBulk Velocity
The suppression ofbubble growth rates and heat transfer coefficient in flow boiling
ofbinary fluids is related to the additional diffusion resistance resulting from species
transfer, as in the binary pool boiling case. A complete analysis of this suppression
requires an understanding of the entire bubble growth problem.
The analysis ofbubble growth rates in flow boiling ofpure or binary fluids is
considerably more complicated than the pool boiling theories reviewed in Section 2.2.
This fact is reflected in the literature treatment of the subject, which is very limited except
for some semi-empirical studies, in contrast with the pool boiling case which has a very
well developed theoretical foundation in the literature. The absence of a well developed
theoretical treatment on the effect of flow on the bubble growth rates is at least partly a
result of the complexity of the problem.
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Several factors which are uniquely present in the flow boiling situation are
presented below, and their effects are qualitatively discussed. Reference is then made to
the bubble growth data of the present experimental investigation, in which some of these
effects on the bubble growth data are apparent.
It is reasonable to expect that bubble growth rates in flow boiling situations are
controlled by the same basic mechanisms as in pool boiling, namely inertia and diffusion.
However, the diffusion mechanism is affected in several ways by the bulk velocity of the
ambient fluid in flow boiling.
Fluid flow around the growing bubble is a factorwhich can have a strong effect on
the diffusion mechanism, but is very hard to analyze theoreticallywhile still preserving any
degree ofgenerality and avoiding overly simplified assumptions. The probable effects of
fluid flow may be classified into convection effects, effects of the stagnation point and
velocity field in the locality of the bubble, and deformation of the bubble shape.
5. 7. 7 VelocityDistributionAbout a GrowingBubble
For bubble growth on a heated surface in a flow boiling situation, the velocity
distribution in the region adjacent to the heated wall has to be considered. This may be
the classical shear-stress induced parabolic velocity distribution, or in most practical cases,
may be a turbulent flow velocity distribution. In any case, during the early stages of
growth, the bubble size will typically be small enough in relation to the height of the
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velocity boundary layer such that the velocities in the vicinity of the bubble depart
considerably fronrthe channel bulk fluid velocity.
The velocity field in the presence ofa bubble will be altered by the presence of the
bubble. Since the viscosity in the liquid phase ofa fluid is typically several orders of
magnitude higher than the viscosity in the fluid's vapor phase, a zero velocity gradient
boundary condition may be assumed for the liquid velocity on the bubble surface, in
contrast with the zero velocity boundary condition imposed on a solid interface in more
traditional analyses of fluid flows. Because of this, the velocities in the region immediate
to the top portion of the bubble interface are likely to be considerable.
5. 1.2 Effect ofVelocity on DiffusionMechanism
The diffusion mechanism in pool boiling situations is analyzed as a simple transient
conduction problem, as reviewed in Section 2. 1 . Heat or mass diffusion in the liquid
around a growing bubble is modeled as a traditional transient conduction problem, and is
treated by using the transient conduction equation together with the proper geometric
assumptions and boundary and initial conditions. A thermal (or concentration) boundary
layer forms around a growing bubble as the penetration depth of the transient conduction
problem increases in time.
Transport ofheat or mass into the limits of this boundary layer on a bubble
growing in a given velocity field can have a strong impact on the diffusion mechanism,
especially given the local velocities which result from the zero velocity gradient
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assumption discussed above. Taking a control volume around the extremes of the
diffusion boundary^ layer which results in a pool boiling case, and considering the effects of
net flux in heat or species into the boundary layer, it can be seen that the effect ofdiffusion
resistance would be diminished if there is any appreciable local velocity in the fluid
adjacent to the bubble.
The net diffusion mechanism can therefore be seen as a parallel combination of the
effects of transient conduction, as in the pool boiling theories, and transport, caused by
local fluid flow relative to the bubble. Relative strengths ofeach of these factors are
related to the relative velocities of the bubble (rate ofchange ofbubble diameter) and the
bulk fluid in the proximity of the bubble.
5. 7. 3 Effect of Temperature GradientNormal toHeated Wall
The development ofa thermal boundary layer and the resulting temperature
variation near the superheated surface is a factor in both pool and flow boiling situations,
in particular when the ambient liquid is subcooled. However, a modeling of this
temperature variation and its effect on the growth rate is much more complicated than the
simple treatments which are given for the pool boiling case. Effects ofa thermal boundary
layer can be especially important for a thermal boundary layer in the developing state
during flow boiling (entrance length phenomenon) because of the steep temperature
gradient at the surface. This is the situation for the current data considered, and probable
effects seen in the data are considered in Section 5.3.
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5. 1. 4 Effect ofStagnation Point
Formation ofa stagnation point in the velocity field adjacent to the bubble may
affect the growth rate if the local velocities are appreciable compared to the bubble growth
velocity. By transporting fluid around the bubble from a different thermal boundary layer
depth (and consequently, a different temperature), the local velocities in the fluid can
affect the temperature profile in the wall boundary layer, as seen by a growing bubble.
The temperature at the limits of the thermal boundary layer which develops during growth
is no longer a simple function ofonly distance above the heating surface.
5.1.5 Bulk Flow InducedBubbleDeformation
Relationships between bubble volume, surface area, and radius are used in the
development ofall bubble-growth theories presented in Section 2. For the pool-boiling
cases presented in the literature, a bubble of spherical or truncated spherical shape is
assumed. Deformation ofthe bubble during flow-boiling growth resulting from pressure
or drag forces may affect the geometric considerations involved in the bubble growth
theories considerably.
5.2 Net Effect ofBulk Flow on Bubble Growth
5.2.1 Consideration ofRelative Velocity
The ratio ofbubble growth velocity (diameter rate of change) to the local fluid
velocity can be used as an indicator of the degree ofdeparture from the pool-boiling
theoretical models. As the bubble growth velocity becomes large in the order of the local
fluid velocity, the pool boiling theories can be used. For the converse case, where local
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fluid velocities are much higher than the bubble growth velocity, the pool boiling theories
are invalid, and the diffusion mechanism is dominated by transport ofheat or mass into the
boundary layer around the bubble.
5.2.2 Initial Portion ofBubble Growth History: PoolBoilingModel
For the situation of small bubbles and relatively high growth velocities, transient
conduction in the boundary layer around the bubble would dominate the diffusion (heat or
mass) mechanism. Since the local fluid velocities are relatively small for small diameter
bubbles, and growth rates are very high early in the bubble growth cycle, the pool boiling
theories can provide a good approximation during an early period of the growth cycle.
During the early part of this growth cycle, the bubble growth velocities are
generally higher (inertially controlled stage followed by initial part ofdiffusion controlled
stage where the diffusion penetration depth is small) and bubble diameters are smaller.
Since the bulk fluid velocity is lower in the region very close to the heating wall as a result
of a velocity boundary layer which forms, the fluid velocity in the vicinity of smaller
diameter bubbles is less than the bulk fluid velocity in the heated channel. Taken together
with the higher bubble velocities in the early stage of the bubble growth cycle, it can be
seen that the pool-boiling bubble growth models would be valid for some finite initial
fraction of the entire cycle.
5.2.3 Intermediate Portion ofBubble Growth History: Transition
As the bubble growth cycle progresses, the growth rate decreases per the pool
boiling model and local velocities increase with increasing distance from the heated wall.
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The pool boiling model loses validity at this point. A growth model in this stage should
account for the loeal velocities at points around the bubble interface, the temperature
profile in the boundary layer on the wall, and the effect of transport on the diffusion
process.
5.2.4 AdvancedPortion ofBubble GrowthHistory
If the bubble continues growth to the point where bulk fluid in the region around
the top portion of the interface is subcooled, the growth rate would be considerably
damped and the pool boiling model becomes totally inapplicable. This is because the net
temperature difference between the subcooled fluid and the interface would favor heat
convection away from the bubble interface, resulting in condensation on some portion of
the interface. The exact bubble radius at which this condition develops depends on the
height of the saturation isotherm above the heating surface and the local velocities in the
vicinity of the bubble. In this situation, the bubble growth would be strongly controlled
by transport ofheat or species in the diffusion boundary layer which forms around the
bubble. Condensation occurs on the top extremes of the bubble interface, resulting in very
slow or no growth. Therefore, there may be considerable diffusion activity around the
bubble as fluid is evaporated at the lower portions of the interface and condenses on the
upper portion, in spite of the very slow growth rates.
A small height of the saturation isotherm above the heated surface would
encourage bubbles growing to this stage without first experiencing detachment from the
surface and condensation into the subcooled bulk core. This condition may be seen in
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cases ofhigh bulk subcooling, low surface superheat, or non fully developed thermal
boundary layers. k
5.3 ExperimentalData: Bubble Growth
Bubble growth rates and heat transfer coefficients for pure and binary fluids in
flow boiling are measured in the present experimental investigation, as detailed in Sec. 4.
5. 3. 1 Effect ofInertial ControllingMechanism in ExperimentalData
The bubble growth periods recorded in the present investigation were measured
using a 1 ms frame period. The first frame taken was therefore anywhere from zero to one
millisecond after the instant ofnucleation. This first partial millisecond is a period ofvery
rapid growth, inertially controlled at the outset. After less than one millisecond, the
inertial growth suppression mechanism is typically dominated by the diffusion mechanism.
By referring to theMikic et al. (1970) expression for the combined effects of
inertial and diffusion controlled growth, reviewed in Section 2.1.3, a rough estimate of the
time of transition between the inertial and diffusion controlled modes can be made. At a
value ofnon-dimensional time
t+ (Equation 2.13) equal to unity, the increase in bubble
interface saturation temperature resulting from inertial forces is equal to the temperature
drop across the thermal boundary layer on the bubble periphery; the effects of the inertial
and diffusion controlling mechanisms can be considered to be equal at this time.
Therefore,
t+
equal to unity can be taken as a demarcation between the inertially controlled
and diffusion controlled growth modes. Solving for the dimensional time t corresponding
to a unity
/+
gives a value of68ps for water at 20C superheat, which is the experimental
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condition where the inertial mechanism is strongest relative to that ofdiffusion. Since this
value is considerably smaller than the 1ms frame period, all bubble growth data in this
work can be considered as in the diffusion controlled regime.
This analysis of the relative effects of inertia and diffusion is strictly valid only for
the pool boiling case. However, it is a reasonable approximation to the current flow
boiling situation, since the early stages ofbubble growth are marked by relatively high
bubble growth velocities and small bubble diameters; the local fluid velocity in the
velocity boundary layer at distances from the heating wall equal to the small bubble radius
will be much smaller than the bubble growth velocity.
5. 3.2 Typical ObservedData
A typical set ofbubble growth histories is presented in Figures 5.1 and 5.2. This
data is for pure fluid (water) or 40% glycol solution, respectively, at values of superheat,
bulk subcooling, and Reynolds number as given in the legend. These charts consist ofdata
observed at nucleation sites at a variety of locations on the heating surface. These results
are qualitatively characteristic ofall data obtained in this experimental investigation.
It is apparent from the presented data that there is wide discrepancy among the
bubble growth rates and maximum diameters for bubbles growing under similar conditions
of superheat, bulk fluid subcooling, and Reynolds number. However, each of the
measured diameter profiles presented were taken for bubbles growing at sites ofdifferent
distances downstream from the leading edge of the heater surface. The bubbles which
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grew slower and reached a smaller maximum radius generally nucleated on upstream
portions of the heating surface relative to the faster growing bubbles.
After reaching a maximum, the bubble diameter was seen to decrease. The period
between nucleation and bubble collapse was about 4 - 5ms for bubbles growing in pure
water, and considerably longer for bubbles in the binary mixtures. Comparing this period
with the lifetime of inertial dominance calculated above shows that the diffusion
controlling mechanism is strongly dominant on a time average basis for all experimental
conditions in this work. This is also typically true for most practical applications of two-
phase heat transfer [Van Stralen (1979)].
In the observed experimental conditions, after a growth period ranging from about
4ms - 20ms (this includes the binary fluid data, which had longer bubble growth periods),
the bubble started to collapse. For most observed cases, the initial collapse period lasted
several milliseconds. After several milliseconds ofdiffusion controlled collapse, the bubble
imploded and disappeared. However, the collapse sometimes occurred in a period less
than the 1ms frame rate of the high speed camera.
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Figure 5.1: Representative Bubble Growth Data - pure water.
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Figure 5.2: Representative Bubble Growth Data -40% glycol
solution.
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The disparity in growth rates and maximum diameters which is observed in the
experimental datajs attributed mainly to the thickness of the thermal boundary layer,
which varies with distance downstream from the leading edge of the heating surface in the
thermally developing region. As discussed in Section 5.1, the height of the thermal
boundary layer has an important effect on bubble growth behavior. In particular, the
height of the saturation isotherm limits the maximum diameter of the bubble. This
accounts for the wide variation in maximum diameter seen in the data.
5.3.3 Application ofPoolBoilingModel in Initial Interval ofBubble Growth
The period ofgrowth which occurs in the early stage of the growth cycle is
diffusion controlled, as per the discussion in Section 5.2. As the bubble is growing
through a temperature gradient in the boundary layer, the actual growth rate is
complicated by the local velocity field, nonuniform temperature gradient, and transport of
heat (and species) into the diffusion boundary layer which forms around the bubble.
However, the pool boiling model should be applicable to an initial portion of the
bubble growth cycle. This is verified by fitting a form of the pool boiling equation given
by Plesset and Zwick (1954) which has been modified as shown:
fi2Y/2
R{t) = A\ \ Ja[a{t +
b)f2 Equation 5.1
A is a proportionality constant used in the curve fit and b is a value of time less than 1ms
which is used to compensate for the 1ms resolution of the camera. Van
Stralen'
s
expression for the Jacob number in binary mixtures, as reviewed in Section 2.1.4.1, is used
for the mixtures.
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In the curve fit, A was adjusted to give good agreement between experiment and
theory for the initial portion of the bubble growth curve, and b was adjusted so that the
initial diameters were equal. A typical result is shown in Figure 5.3. As can be seen, the
parameter A is chosen such that agreement is good in the first portion of the bubble
growth history, although this analysis is limited by the 1ms frame period used.
The means of the parameter ,4 for each experimental condition ofbulk fluid
concentration are given in Table 5.1. As can be seen, they are reasonably close to unity.
This implies that the diffusion model inherent in the pool boiling theory is approximately
valid in the initial portion of the bubble growth histories recorded. The increasing trend
with increasing concentration shows that the binary suppression is slightly overestimated
for mixtures by the pool boiling model.
Fluid Mean /I
Pure .88
40% Glycol .91
80% Glycol 1.3
Table 5.1: Means ofthe ParameterA used tofit experimental bubble
growth data
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Figure 5.3: Representative Comparison ofexperimental data and curve-fit.
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5.4 ExperimentalData: Heat Transfer Coefficient
Figure 5.4 shows the experimental values ofheat transfer coefficient for the
experimental fluid and heater surface superheat conditions. Heat transfer coefficients
shown in the figures are calculated with reference to the actual fluid temperature. Various
trends in this data for both pure and binary fluids are investigated.
5. 4. 1 Pure FluidHTC Trends
The trends in the pure fluid heat transfer coefficient are discussed here as a
baseline for comparison with the binary fluid data. The four data conditions shown in the
pure fluid chart ofFigure 5.4 are: 95C bulk temperature at Reynolds numbers of3900
and 1300, and 80C bulk temperature at Reynolds numbers of3100 and 1000.
By taking the vertical axis intercept at low values of superheat, the single phase
heat transfer coefficient can be approximated. This value is seen to be approximately 6800
W/m2K for the high flow rate cases, and 3900 W/m2K for the low flow rate data points
(the Reynolds number is roughly indicative of the flow rate and bulk velocity). Elevation
of single-phase heat transfer coefficient with increasing Reynolds number is as expected,
although correlation with the Reynolds number and bulk fluid properties is not
straightforward for the thermally developing heat transfer regime at the heater surface.
In the range of superheat below approximately 10C superheat, a gradual rise in
the heat transfer coefficient is evident. This can be attributed to more nucleation sites
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being activated with an increasing mean thickness of the thermal boundary layer, as per the
Hsu nucleation model (1962). At approximately 12C superheat a sharp increase in heat
transfer coefficient is obvious for all four combinations ofReynolds number and bulk
subcooling. This point, the onset ofnucleate boiling (ONB point), is marked by a sharp
increase in the area density of active nucleating cavities, and a consequent rise in the heat
transfer coefficient.
At superheat values below the ONB point, the Reynolds number has a strong
impact on the overall heat transfer coefficient. This is because the single phase convection
mechanism is still dominant in this regime; referring again to Figure 5.4, the difference in
heat transfer coefficient values between the high and low flow rate cases can be seen to be
approximately constant up to the ONB point.
The degree ofbulk subcooling is seen to have no discernible impact anywhere in
the experimental data. This is likely due to the localized flow boiling conditions in the
experiment; for a longer length boiling section, the bulk temperature would.have a
stronger effect since the mean (mixing-cup) temperature of the subcooled core would
increase with the fluid mean enthalpy.
For values of superheat beyond the ONB point, the difference in heat transfer
coefficient for the high and low flow rate cases fades. The effect ofbulk flow rate on local
subcooled boiling is complicated and not well treated in literature even for pure fluid
cases, however the general trend is as expected since the heat flux at the surface due
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to nucleate boiling activity will typically be considerably greater than the single phase
values for points beyond the ONB threshold.
5. 4. 2 Experimental HTCDataforBinaryMixtures
By comparing the binary data ofFigure 5.4 with the pure fluid data ofFigure 5.4,
a considerable suppression of the heat transfer coefficient in the binary fluid data is
obvious. This suppression is stronger for the 80% glycol solution than for the weaker
40% solution. Single phase values are somewhat lower for the binary fluid cases, which is
reasonable given the variation in Reynolds number and fluid conductivity between the
mixtures (referring to the Table 4.2, ethylene glycol solutions have lower conductivity
than pure water). Much more significant is the suppression of the sharp rise in heat
transfer coefficient at the ONB point. Nucleate boiling is suppressed in the strong (80%
glycol) mixture to such an extent that an explicit ONB point is not obvious from the data.
It is well known that nucleate boiling heat transfer coefficients are suppressed in
binary mixtures, and the suppression is roughly related to the value ofAT/G at the bulk
solution concentration; suppression will be strongest at mixture concentrationswhich
have a maximal AT/G ratio [Van Stralen (1979)].
The suppression ofdiffusion controlled bubble growth rates in pool boiling of
binary mixtures is also well documented in the literature, and has been quantified by Van
Stralen and others by referring to the diffusion laws, as covered in Section 2. 1 .4. Similar
to the suppression ofheat transfer coefficient, this suppression ofbubble growth rate is
also related to the AT/G ratio.
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5. 4.3 FlowBoiling Suppression ofHTC inBinaryMixtures
Bubble nucleation and growth activity is responsible for the sharp increase in heat
transfer coefficient seen at the ONB point. It would be a reasonable hypothesis that the
suppression in nucleate boiling heat transfer coefficients would be proportional to the
diffusion-controlled bubble growth rate suppression factor, since the diffusion mechanism
is dominant (relative to the inertia growth rate controlling mechanism) for boiling
conditions at atmospheric pressure (see Section 5.3.1 for a justification of this relative to
the present experimental conditions).
To test this hypothesis and gain some insight into the basis of the suppression in
heat transfer coefficient, bubble growth rate constants (Jacob numbers) are calculated for
each of the three mixtures and compared. Equation 2. 16 is used, setting AT/G to zero for
pure fluids. Doing this effectively compares the diffusion resistances and bubble growth
rates of the mixtures.
The value ofAT/G for the binary mixtures is calculated from
(x0 - y) Equation 5.2
AT 8TMt
dx.
where the saturation temperature sensitivity term is taken from the properties Table 4.2,
and x0-y refers to the difference in more volatile component mass fractions between the
phases at equilibrium. This expression, derived from a first order Taylor series about the
.point Xo, is mathematically equivalent to Van
Stralen'
s graphical method covered in
section 2.1.4.1.
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Comparing the Jacob numbers for the different mixtures, and normalizing all
results by a factor so that the pure fluid constant is unity, the following results are
obtained:
Pure 100%
40% Glycol 65%
80% Glycol 13%
Table 5.2: A comparison ofthe relative rate ofthe diffusion transport
process in the experimentalfluids.
The equation based on Equation 2. 16 used to calculate the numbers in Table 5.2 is given
here:
C =
4~a
Av
+(%)W
Equation 5.3
C is a constant which is proportional to the relative rate of the diffusion mechanism.
These results can be interpreted as the relative rate per unit degree of superheat for
a thermal (pure) or thermal and mass (binary) diffusion process as occurs during diffusion
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controlled bubble growth, the suppression in the mixtures due mainly to the additional
effect ofmass diffusion.
5. 4.4 Comparisonwith ExperimentalData
To compare these figures with the experimental boiling data, the average increase
in heat transfer coefficient above the single phase value per unit of superheat has been
calculated from the experimental data. The single phase heat transfer coefficient is taken
as the vertical axis intercept of the boiling data, and the figures are similarly normalized to
a value ofunity for the pure fluid case. For cases where there was a distinct ONB, values
ofheat transfer coefficient below the ONB point were not considered. In other cases, the
entire range of superheated experimental data was considered. This is acceptable, since
the figure given is essentially a comparison of the slope of the data points on the heat
transfer coefficient versus superheat chart, and for cases without a distinct ONB point the
slope is relatively constant throughout the tested interval.
Pure 100%
40% Glycol 69%
80% Glycol 17%
Table 5.3: A comparison ofthe nucleate boiling heat transfer contribution
per degree ofsuperheatfor thefluidmixtures.
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The results, presented in Table 5.3, indicate that the suppression in the nucleate
boiling contribution to the heat transfer coefficient over the entire superheated range is
proportionate to the suppression of the diffusion mechanism due to the additional mass
diffusion effect. This trend can also be seen from the experimental heat transfer coefficient
charts; the pure fluid experiences a much sharper slope after the ONB point has been
reached.
The order ofmagnitude agreement in the terms ofTable 5.2 and Table 5.3 indicate
that the suppression of the diffusion mechanism plays a dominant role in the heat transfer
suppression which is experimentally observed in boiling ofbinary mixtures. There are also
several other factors which can influence the suppression, such as different area densities
of active cavities, and differences in nucleation site re-activation time, bubble departure
time, and surface tension effects on interacting bubbles.
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6. CONCLUSIONS
The experimental data ofbubble growth rates and maximum radii show wide
variance which correlates roughly to the local thickness of the thermal boundary layer.
However, the growth rate in the initial portion of the growth period showed reasonable
order ofmagnitude agreement with the pool boiling theory for both pure and binary fluids
when corrected for the 1ms frame resolution of the camera. These findings support the
qualitative bubble growth factors for flow boiling presented in Section 5.1. Effects
inherent in the pool boiling diffusion model are dominant in an initial portion of the bubble
growth history.
Experimental bubble growth rates are found to be considerably slower for the
binary mixtures than for pure water, evidencing the binary suppression ofbubble growth.
Additionally, the near-unity values in Table 5.1 indicate that the diffusion model inherent
in Equation 2. 10 and theMikic et al (1979) relation for binary suppression of the diffusion
process are both valid for an initial portion of the bubble growth cycle. In other words,
bubble growth in flow boiling is mainly diffusion controlled at the outset.
The suppression ofboiling-induced heat transfer in binary fluids is calculated for
the experimental data. From the agreement in the corresponding terms in Tables 5.2 and
5.3, it is seen that this suppression is roughly equal to the increase in diffusion resistance in
binary fluids as modeled by Van Stralen (1979). Since the boiling-induced heat transfer is
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due to bubble nucleation and growth activity, this indicates that the binary suppression of
bubble growth rates and heat transfer are related. In flow boiling conditions, the binary
suppression in heat transfer coefficient due to boiling is roughly equal to the increase in
the net diffusion resistance of the binary fluid.
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8. Appendix: Details ofExperimental Data
Session Tgatpolnt Tl T2 T3 T4 Tfiuid Volts Amps % Flow % Glycol
396 95 95.8 95.3 94.9 94.6 93.3 15 0.21 30 0%
397 95 102,3 100.4 98.5 97.2 93.4 20 0.29 30 0%
398 95 114.4 109.8 105.0 101.9 93.4 25 0.36 30 0%
399 95 128.3 120.6 112.5 107.1 93.4 30 0.43 30 0%
400 95 145.4 133.5 120.9 112.4 93.5 35 0.50 30 0%
401 95 146.1 134.1 121.3 112.5 93.6 35 0.50 30 0%
402 95 162.0 145.7 128.3 116.6 93.6 40 0.56 30 0%
403 95 162.0 145.8 128.3 116.6 93.6. 40 0.56
'
30 0%
4 05 95 179.7 158.3 135.2 119.7 93.9 45 0.63 30 0%
406 95 180.0 158.5 135.3 119.8 93.9 45 0.63 30 0%
407 95 180.0 158.6 135.4 119.8 93.9 45 0.63 30 0%
408 95 194.3 168.4 140.5 121.8 93.9 50 0.70 30 0%
409 95 195.3 169.2 140.9 121.9 93.9 50 0.70 30 0%
410 95 196.0 169.6 141.1 121.9 94.0 50 0.70 30 0%
411 95 121.4 115.9 110.2 106.4 90.4 20 0.29 10 0%
412 95 117.7 112.8 107.9 104.6 90.2 20 0.29 10 0%
413 95 120.6 115.3 109.7 106.1 90.3 25 0.36 10 0%
414 95 132.0 124.2 116.1 110.7 89.8 30 0.43 10 0%
415 95 147.7 135.8 123.2 114.8 89.9 35 0.50 10 0%
416 95 147.7 135.8 123.2 114.8 89.9 35 0.50 10 0%
417 95 148.3 136.3 123.6 115.1 90.3 35 0.49 10 0%
418 95 148.5 136.5 123.7 115.2 90.3 35 0.49 10 0%
419 95 163.0 146.7 129.3 117.8 89.9 40 0.56 10 0%
420 95 163.4 147.1 129.6 118.0 90.6 40 0.56 10 0%
421 95 163.7 147.0 129.1 117.4 90.9 40 0.56 10 0%
422 95 177.6 156.8 134.4 119.4 90.8 45 0.63 10 0%
423. 95 178.1 157.2 134.6 119.5 90.8 45 0.63 10 0%
424 95 178.9 157.8 135.0 119.8 90.8 45 0.63 10 0%
425 80 153.5 137.5 120.3 108.8 79.1 40 0.57 30 0%
426 80 154. .6 138.2 120.7 108.7 79.1 40 0.57 30 0%
427 80 154.9 138.5 120.8 109.0 79.2 40 0.56 30 0%
428 80 167.6 148.0 126.9 112.8 78.8 45 0.63 30 0%
429 80 167.6 148.0 126.9 112.8 78.8 45 0.63 30 0%
430 80 171.1 150.7 128.7 113.9 79.2 45 0.63 30 0%
431 80 171.1 150.7 128.7 113.9 79.2 45 0.63 30 0%
432 80 173.0 152.2 129.8 114.8 79.3 45 0.63 30 0%
433 80 190.9 165.1 137.1 118.2 79.4 50 0.70 30 0%
434 80 192.4 165.9 137.7 118.5 79.4 50 0.70 30 0%
435 80 192.4 166.1 137.2 118.0 79.4 50 0.70 30 0%
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Session; Tgtttpoint Tl T2 T3 T4 Tfluid Volts Amps % Flow % Glycol
436 80 134.9 124.9 114.2 107.1 76.3 30 0.43 10 0*
437 80 130.3 120.9 111.0 104.2 76.2 30 0.43 10 0%
438 80 130.3 121.1 111.2 104.6 76.2 30 0.43 10 0%
439 80 142.6 131.0 118.9 110.7 76.1 35 0.50 10 0%
440 80 143.7 131.6 118.9 110.5 76.4 35 0.50 10 0%
441 80 144.4 132.3 119.5 110.9 76.7 35 0.50 10 0%
442 80 . 161.6 145.3 128.0 116.5 76.2 40 0.56 10 0%
443 80 161.7 145.4 128.0 116.5 76.1 40 0.56 10 0%
444 80 161.7 145.4 128.1 116.5 76.1 40 0.56 10 0%
445 80 177.4 156.6 134.2 119.4 76.4 45 0.63 10 0%
446 80 177.6 156.7 134.4 119.5 76.5 45 0.63 10 0%
447 80 177.7 156.9 134.4 119.5 76.6 45 0.63 10 0%
X 115 133.5 129.7 126.0 123.6 109.2 25 0.35 30 80%
X 115 149.9 143.4 136.7 132.2 109.7 30 0.43 30 80%
452 115 166.4 156.3 145.5 138.5 109.5 35 0.50 30 80%
453 115 183.1 169.0 153.9 143.9 110.2 40 0.56 30 80%
454 115 201.0 182.2 162.0 148.5 111.0 45 0.63 30 80%
460 115 215.5 193.5 169.8 154.0 110.9 50 0.70 30 80%
461 115 215.5 193-.5 169.8 154.0 110.9 50 0.70 30 80%
463 115 261.5 227.1 189.8 164.8 110.8 60 0.83 30 80%
464 115 261.5 227.1 189.8 164.8 110.8 60 0.83 30 80%
477 115 137.9 133.5 128.8 125.9 103.7 25 0.35 30 80%
478 115 147.2 141.0 134.2 129.9 103.5 30 0.43 30 80%
479 115 162.8 152.6 141.6 134.4 103.5 35 0.50 30 80%
483 115 162.8 152.6 141.6 134.4 103.5 35 0.50 30 80%
487 115 176.0 162.8 148.5 139.1 103.3 40 0.56 10 80%
489 115 176.0 162.8 148.5 139.1 103.3 40 0.56 10 80%
490 115 198.7 180.2 160.0 146.5 102.6 45 0.63 10 80%
.492 115 198.7 180.2 160.0 146.5 102.6 45 0.63 10 80%
494 115 217.7 194.3 168.8 151.7 102.3 50 0.70 10 80%
4 95 115 217.7 194.3 168.8 151.7 102.3 50 0.70 10 80%
4 96
115'
236.4 208.1 177.3 156.8 102.1 55 0.76 10 80%
498 115 236.4 208.1 177.3 156.8 102.1 55 0.76 10 80%
499 98 107.3 105.2 103.0 101.6 96.5 20 0.29 40 4 0%
500 98 118.8 114.6 110.1 107.3 95.5 25 0.36 30 4 0%
X 98 135.1 127.6 119.6 114.2 95.7 30 0.43 30 40%
502 98 149.1 138.2 126.3 118.4 95.9 35 0.49 30 40%
503 98 149.9 138.8 126.7 118.7 95.9 35 0.50 30 40%
505 98 166.3 151.1 134.5 123.4 96.1 40 0.56 30 40%
506 98 166.5 151.2 134.5 123.3 96.1 40 0.56 30 40%
507 98 182.8 163.2 141.7 127.2 96.1 45 0.63 30 40%
509 98 183.4 163.7 142.2 127.7 96.1 45 0.63 30 40%
X 98 101.0 99.7 98.4 97.5 91.2 20 0.29 10 40%
X 98 115.0 111.5 107.9 105.4 91.1 25 0.36 10 4 0%
513 98 135.9 128.5 120.7 115.4 91.1 30 0.43 10 40%
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515 98 135.9 128.5 120.7 115.4 91.1 30 0.43 10 40%
516 98
_
148.4 138.4 127.4 120.2 91.1 35 0.49 10 40%
517 98 148.4 138.4 127.4 120.3 91.1 35 0.49 10 40%
519 98 166.5 151.4 134.9 124.0 90.0 40 0.56 10 40%
520 98 166.7 151.9 135.0 124.4 90.0 40 0.56 10 40%
521 98 166.9 152.0 135.6 124.7 89.5 40 0.56 10 40%
522 98 179.7 160.3 139.0 124.6 92.1 45 0.63 10 40%
523 98 179.8 160.4 139.1 124.6 92.2 45 0.63 10 40%
524 98 196.7 172.7 146.3 128.3 92.0 50 0.70 10 40%
525 98 197.3 173.1 146.5 128.4 92.1 50 0.70 10 40%
526 98 213.5 184.8 153.2 131.7 92.2 55 0.77 10 4 0%
527 98 214.3 185.3 153.2 131.5 92.1 55 0.77 10 40%
528 98 234.4 199.5 161.1 134.9 92.1 60 0.83 10 40%
529 98 235.1 200.0 161.3 134.9 92.6 60 0.83 10 40%
X 80 82.4 81.9 81.3 81.0 79.6 13 0.19 21 0%
X 80 92.8 90.2 87.5 85.6 79.7 20 0.29 19 0%
X 80 119.5 111.3 102.5 96.8 79.8 30 0.43 20 0%
X 80 146.8 131.9 115.6 104.5 79.9 40 0.57 19 0%
X 80 189.5 164.3 136.9 118.5 79.8 50 0.70 19 0%
X 80 82.2 81.2 80.2 79.6 75.6 15 0.22 10 0%
X 80 91.6 89.0 86.3 84.5 76.0 20 0.29 10 0%
X 80 107.2 101.8 96.1 92.3 76.2 25 0.36 10 0%
X 80 121.9 113.8 105.3 99.8 76.3 30 0.43 10 0%
X 80 140.8 129.1 116.8 108.5 76.5 35 0.49 10 0%
T 40 91.8 82.2 71.7 64.6 40.3 30 0.43 20 0%
T 40 130.2 113.4 94.9 82.4 40.7 40 0.56 20 0%
T 40 161.9 139.0 113.9 96.9 41.0 48 0.67 20 0%
T 40 149.0 124.1 96.4 77.4 40.4 48 0.67 60 0%
T 40 198.6 162.1 121.7 93.9 40.7 60 0.84 60 0%
T 40 243.0 195.8 143.9 107.6 40.9 70 0.98 60 0%
T 40 123.5 105.8 86.1 72.8 40.7 40 0.56 40 0%
T 40 162.9 136.7 107.8 88.1 40.9 50 0.70 38 0%
T 40 208.5 172.4 132.7 105.6 41.4 60 0.84 39 0%
78
